Grain refining mechanisms of Fe-and Mn-free high-purity Mg-Al alloy ingots and the influence of a small addition of Fe or Mn on their cast structures are investigated. In order to prepare the alloys, distilled pure magnesium (<99.99%) and commercial high-purity aluminum (99.99%) were melted, and given amounts of Fe and Mn were added to the molten alloys. The grain size of the high-purity alloy is refined naturally without the use of a grain refiner or superheat treatment, and the addition of small amounts of Fe and Mn to the alloy coarsens the grains. In the composition range of Fe or Mn where magnesium does not crystallize from the melt as the primary crystal, both grain-coarsening and the effect of superheat treatment are remarkable. EPMA and AES analyses reveal a dispersion of fine particles composed of Mg, O, Al, and C elements in the high-purity alloy. Some combination of these elements seems to be an effective nucleation substance for magnesium crystal, and the nucleation substance is similar to those whose presence has been confirmed in AZ91E alloy to which a proper amount of carbide was added. In coarse-grained alloys, Fe and Mn elements coexist with the above-mentioned nucleation substances, and this disturbs the grain refinement.
Introduction
Magnesium alloys have been utilized as structural materials replacing other metals and plastics in the electronic and automobile industries because of their light weight and high recyclability. Although the majority of the products now depend on diecasting, increased use will promote the development of other new processes in the field of casting and working. Thus, grain refinement of magnesium castings or ingots will become more important to improve not only mechanical properties but also workability.
Mg-Al based alloys are the most common commercial magnesium alloys, but grain-refining treatment is generally required, except for diecasting. Superheat treatment is a useful grain refining treatment of these alloys. In this treatment, the melt is kept at 1123 to 1173 K for about 900 s and then cooled to the pouring temperature as fast as possible. A minor amount of iron or manganese probably helps the nucleation of magnesium. 1, 2) However, it has been difficult to investigate how Fe and Mn relate to the superheating because both elements are always contained in commercial alloys as impurities or alloying elements. Therefore, the mechanism has not been clarified.
The authors 3) have reported that Mg-9 mass%Al alloy prepared from high purity magnesium (Fe : <0.001, Mn : <0.001, Si : <0.001) consists of fine grains without superheating and that some impurities have negative effects on cast grain size.
Therefore, this study investigates the influence of minor amounts of Fe and Mn on cast Mg-9%Al alloy structures and seeks to reveal the factors that affect grain refinement in high purity alloys. * 
Experimental Procedure
Mg-9%Al alloy samples were prepared from commercial high-purity aluminum and distilled high-purity magnesium. 4) 200 g of the alloy samples were melted, and given amounts of Fe and Mn were added at 1023 K using Al-50%Fe alloy, anhydrous ferric chloride (FeCl 3 ) and Al-10%Mn alloy. The melt was held for few minutes and then poured into a permanent mold (room temperature), 100 mm in length and 20 mm in diameter. Molten flux and cover gas (SF 6 + CO 2 ) were used during the melting and superheating. The crucible was made of SUS430 stainless steel, and the inner wall was coated with MgO to prevent contamination from the crucible material. Table 1 shows the chemical compositions of the obtained alloy samples.
To investigate the grain refining effect of superheating on the alloy samples, about 100 g of the molten alloy was held at 1123 K for 900 s and subsequently cooled quickly to the pouring temperature of 973 K. Then the ingots were cut to adequate sizes to make specimens for microstructural observation. The specimens were heated at 653 K for 7.2 ks to clarify the grain boundary. After polishing, the specimens were etched with an etchant consisting of acetic acid (20 mL), nitric acid (1 mL), ethylene glycol (60 mL) and distilled water (90 mL). The grain size was evaluated as average grain diameter by liner intercept method. Specimens used for AES analysis were specially subjected to argon ion sputtering for 900 s after mechanical polishing. Optical microscope, electron micro-analyzer (EPMA, JXA-8800) and Auger electron spectroscope (AES, PHI-660) were utilized in the microstructual observation and analyses. The accelerating voltages were set at 15 kV and 10 kV. AES depth analysis was performed at probe current of 300 nm, ion gun of 2 kV, and sputtering rate of 8.14 nm/min (converted to SiO 2 ). Figure 1 shows the effect of Fe and Mn on grain size of high-purity Mg-9 mass%Al alloy. Coarse grains are observed in samples containing 0.01%Fe and 0.47%Mn, and the higher the contents of the two elements, the greater is the tendency for the grains to coarsen as shown in Fig. 2 . The grain sizes of the samples containing 0.01%Fe or 0.47%Mn are almost the same as that of commercial AZ91E magnesium alloy cast using permanent mold with no grain refining, which is about 160 µm.
Results and Discussion

Influence of Fe and Mn on grain size
The effect of superheating on grain size is shown in Fig. 3 . There is little or no change in grain size due to superheating if the grain size is less than 78 µm in the same alloy sample without superheating. In contrast, coarse-grained samples, i.e. 0.01%Fe-and 047%Mn-containing samples show decrease in the size from 158 to 74 µm and from 152 to 73 µm, respectively. As a result, Fe and Mn exhibit an effect similar to Be in that remarkable grain coarsening occurs in the presence of small amounts of these elements. However, the coarse structure can be refined by superheat treatment, unlike the Bebearing alloys.
1)
The phase relationships within the magnesium-rich side of Mg-Al-Fe (Mn) systems 5, 6) have not been revealed in details, but it was reported that the solubilities of Fe and Mn in liquid Mg-Al alloys are very low, e.g. about 0.005%Fe at 993 K and 0.3%Mn at 993 K in Mg-7%Al. 6) Moreover, the solubilities decrease further with increasing Al concentration. From the results of the present study, it can be predicted that if the alloys consist of fine grains without superheating, magnesium crystallize out as the primary crystal, but if the alloys consist of coarse grain without superheating, it doesn't, namely, other substances (e.g. Fe compounds) crystallize out prior to magnesium. The fact that grain size is affected by the factors discussed above is in agreement with the results obtained by Tiner 2) and Nelson, 1) who demonstrated that superheat treatment was not successful in alloys from which Fe or Mn compounds never crystallize during solidification. However, they did not mention that these two elements originally cause the grains to coarse when superheating is not applied. It is necessary to clarify the solubility of these elements in liquid MgAl alloys so as to closely examine the mechanism of grain refining. 
Microstructual analysis
In the past, it was reported 2) that high-purity is responsible for the fine grains observed in Mg-Al base alloy castings, although definite results or reasons were not presented. Therefore, the grain refining mechanism of high-purity Mg-Al alloy is investigated in the present study. Figure 4 shows the back-scattered electron image of high- purity Mg-9 mass%Al alloy. In this figure, particles of about 1 µm in diameter, such as indicated by the arrow, are observed. According to EPMA qualitative analysis, Mg, Al, C and O are present in most of the particles. A back-scattered electron image of the section in which a particle is contained is shown in Fig. 5(a) , while Fig. 5(b) presents the line analysis on line L-L across the particle (see Fig. 5(a) ), where the distributions of Al, C and O are clearly shown. These elements seem to be the constituents of the particle because each element causes a concentration peak in the particle, as can be seen in Fig. 5(b) . The aluminum concentration just around the particle is lower than any other portions on L-L . Such segregation implies that the particles exist at the center of the grain since the distribution coefficient of Al is given as less than 1. Hence, it can be said that the particles constitute a nucleation substance themselves or they include something that helps the nucleation. However, the particles are not always present only in the center, so the relationship between the number of particles and grains must be studied. Considering the spherical particles of diameter D, the number of particles in a unit volume (N v ) is derived from the equation, 7) N v = N A /D, where N A is the number of sections of the spherical particles observed in the polished surface. N v can be calculated from the equation if we assume for convenience that all the particles are spherical and 1 µm in diameter. Thus, N A was randomly measured for 10 various areas (0.16 mm 2 /area) with no micro-porosities and inclusions. The average number was then determined for substitution in the above equation. N v is then compared with the number of grains, where all the grains are also assumed to be spherical.
Consequently, the number of particles are estimated to be about twice as many as that of the grains. In the case of het- erogeneous nucleation, the grain size is affected not only by the number of nucleation substances or the size but also by the degree of melt supercooling and so on. Furthermore, the number of nucleation substances is generally inconsistent with that of the grains because nucleation starts from the site suited for it. When an excess number of nucleation substances are present, the phenomenon described below can be predicted to occur. The latent heat of magnesium is 370 (J/g), and the specific heat of molten magnesium at the melting point (923 K) is 1.36 (J/g·K). 8) However, it is found that the specific heat of the molten magnesium around the growing crystal is quite low relative to the latent heat of solidification. Moreover, the heat diffusivity coefficient is 36 mm 2 /s, which is caluculated from the heat conductivity coefficient and the specific heat for the melt. For this reason, the melt temperature instantly escapes the supercooling region by evolution and migration of the latent heat, so that only a fixed number of magnesium crystals can be generated, even when an excess number of nucleation substances is present. As a result, a large number of particles never contribute to the nucleation though they had nucleation ability, and remained through out the castings. Some investigators 9) reported such a phenomenon in solidification of metals, and this is presumably true for this high-purity alloy.
During EPMA analysis, with an acceleration voltage of 15 kV and considering that the excitation voltage for analytical characteristic X-ray of Mg is 1.25 keV, then both the depth and spread of X-ray generated by the incident electron beam are expected to be at least 4 µm.
10) Thus, it is impossible to use only EPMA analysis to reveal whether Mg is a component of the particle or not due to the effect of the X-rays that arise from the surrounding of the particle. Even in the case of O, it may originate from the corrosion products on the particle surface. Consequently, AES analysis was performed to examine the above problems. Figure 6 shows the AES depth analysis of the particle, approximately 1 µm in diameter, located at the center of the grain. This analysis was applied to Mg, Al, C and O detected by AES qualitative analysis. In Fig. 6 , the intensity of O gradually decreases with sputtering time; a similar tendency is also seen in both Al and C, though the slope of the curve is gentler or nearly flat before 1200 s. This suggests that Al, C and O seem to coexist in the particle until a certain depth. The intensity of Mg remains constant until 1200 s as is the case of Al and C, but after that, it gradually increases in contrast to the other elements. This is due to the X-ray generation from around the particle (i.e. matrix), where the particle size is always decreasing during sputtering. Considering the several analysis conditions-beam intensity, beam diameter of about 1 µm and getting surface information from about 5 nm, it can be seen that Mg is obviously contained in the particle. Figure 7 shows the AES depth analysis of the matrix around the particle, which was analyzed under the same con- Fig. 9 Results of EPMA area analysis of the sample containing 0.01 mass%Fe. ditions as in Fig. 6 . In Fig. 6 , the intensities of Al and C are quite small, but they are clearly larger than in Fig. 7 . From  Fig. 7 , it is found that O immediately disappears just after the start of sputtering, unlike in Fig. 6 . As a result, it can be concluded that the particle consists of the elements Mg, O, Al and C, and that, in high-purity Mg-Al alloy, a lot of particles act as effective nucleants. Similar substances were observed when carbon was added to AZ91E magnesium alloy.
3) Figure 8 shows the AES depth analysis of the particle, approximately 2 µm in diameter, observed in commercial AZ91E magnesium alloy to which carbon was added. In this figure, the intensity profiles and the constituents are quite similar to those shown in Fig. 6 . Thus, both grain-refining by purification and by carbon inoculation seem to relate to a common substance. To date, it has been deduced that aluminum carbide, Al 4 C 3 and Al 2 OC are the nucleation substances during carbon inoculation, 3) but further study is necessary to concretely identify these substances.
EPMA analyses of the coarse structures in the samples containing 0.01%Fe and 0.47%Mn are shown in Figs. 9 and 10, respectively. In the sample that contains 0.01%Fe alloy, Fe obviously coexists with Mg, Al, C and O, as shown in Fig. 9 . Similarly, in the sample that contains 0.47%Mn, Mn is located with Mg, Al, C and O, as shown in Fig. 10 . Hence, the nucleation substance presumably bonds easily with Fe or Mn, for which it loses the nucleating effect. Generally, a hexagonal compound, like MgAl 4 , is well known as a nucleation substance during superheating, but it is not identified in this investigation.
Conclusion
Fe-and Mn free high-purity Mg-9 mass%Al alloy was prepared, and the influence of minor amounts of Fe and Mn on grain refinement and cast structure were investigated. As a result, the following conclusions are obtained:
(1) The grain size of high purity Mg-9 mass%Al alloy increases with increasing Fe or Mn concentration. In particular, in a composition where primary magnesium never crystallizes out, the grain coarsening and the superheating effect are remarkable.
(2) There are a large number of particles containing Mg, O, Al and C in high-purity Mg-Al alloy. These particles seem to be nucleation substances themselves or they contain some nucleation substances. Grain refining by purification and by carbon inoculation is related to a common nucleation substance because similar particles are observed in both cases.
(3) Fe and Mn bind with effective nucleation substances and render them ineffective, thereby, preventing magnesium from nucleating.
